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A STUDY OF HARD FINISH GYPSUM PLASTERS 


I. INTRODUCTION 


1. Purpose of Investigation.—Hard finish plasters are plasters com- 
posed of gypsum anhydride mixed with some salt such as Glauber’s 
salt* or alum before or after calcination. Since very little has been 
published relating to the effects of the addition of various salts to plas- 
ter, it has been thought that these effects should be investigated because 
there is a probability that the field of use of these plasters may be ex- 
tended. They are chiefly employed at the present time for finishing 
walls where a dense, hard, smooth surface is desired, but as some of them 
have high strength, relatively low porosity, and low specific gravity, 
there is a possibility that they may be used for other purposes in building 
construction. The process of manufacture should not be costly since 
gypsum is plentiful and the raw material is easily crushed and can be 
calcined at relatively low temperatures in rotary kilns. 

The attempt has been made not only to investigate these plasters 
from the standpoint of their physical properties, but also to discover 
the mechanism of setting. 


2. Scope of Study.—Three methods of adding Glauber’s salt, potash 
alum, and borax to gypsum were investigated, as follows: 

(1) The raw gypsum was soaked in concentrated solutions of 
Glauber’s salts, potash alum, and borax. The material, after being 
drained and dried, was calcined to 450, 550, 650, and 750 deg. C. After 
calcination the plasters were ground and set with the addition of water. 

(2) The raw gypsum was calcined to 450, 550, and 650 deg. C. and 
the resulting gypsum ground. Solutions containing one, two, and four 
per cent (based on the weight of the plaster) of Glauber’s salt, potash 
alum, and borax were added. 

(3) The raw gypsum was calcined to 350 deg. C., crushed in a pul- 
verizer, and then set by the addition of water containing one, two, and 
four per cent (based on the weight of the plaster) of Glauber’s salt and 
potash alum. After being dried, the resulting plaster was then recalcined 
to 450, 550, and 650 deg. C. and ground for use. 

All plasters produced by these three methods were tested for time 
of set, heat of hydration or chemical combination, constancy of volume, 
tensile strength, shrinkage, and color. 


*Glauber’s salt—hydrous sodium sulphate, NazSOu- 10 H2O 
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An optical study was also made of the setting of plasters, including | 
pottery plaster, anhydrous gypsum, and Keene’s cement. ] 


3. Acknowledgments.—The author wishes to express his thanks to ‘ie 
Pror. C. W. ParMELen, for his codperation in carrying on this investi- 1g 
gation and for many helpful suggestions in arranging the data; and to | 
Pror. R. K. Hursu, for suggestions as to methods of conducting the |) 
physical tests. 1 | 

He also wishes to thank the Unirep States Gypsum CoMPANy |} 
and the CerTaINnTEED Propucts Company for furnishing samples of |) 
their plasters without charge, for their interest in this work, and for | 
their willingness to provide information concerning their products. 

This investigation has been a part of the work of the Engineering 
Experiment Station of the University of Illinois, of which DEan M. 8. 
Ketcuvm is the director, and of the Department of Ceramic Engineer- 
ing of which Pror. C. W. PARMELEE is the head. 


Il. Srupy or THE PHYSICAL PROPERTIES OF PLASTERS 


4. Classification of Gypsum Plasters—The different plasters i 
derived from gypsum have been classified in the following manner:* 

(1) Those for which the temperature of calcination does not exceed 
200 deg. C., and the product consists mainly of hemi-hydrated calcium 
sulphate. They may be divided into 


(a) those produced by the calcination of the purer forms of 


gypsum without the addition of foreign materials before or after 
calcination, e.g., plaster of Paris; and 


(b) those produced by the calcination of less pure gypsums, or 
by the addition of retarders to plaster of Paris, e.g., cement plasters, 
(2) Those for which the temperature of calcination exceeds 200 
deg. C., and the product is anhydrous calcium sulphate. They may be 
divided into 


(a) those produced by the calcination of gypsum, e.g., flooring 
plaster; and 


(b) those produced by the recalcination of flooring plaster or 
by dead burned plaster with the addition of alum, borax, etc., €.g., 
hard finish plasters. 


5. Literature and Previous Investigations.—Hard finish plasters can 
be made from anhydrous gypsum by treating with some chemical. 


. eke: J. W., “Comprehensive Treatise on Inorganic and Theoretical Chemistry,” Vol. III, 
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The best known representative of this group is Keene’s cement, which 
was first produced in England. According to Cole,* Keene’s cement 
is a slow setting plaster, this property distinguishing it from other 
hard finish plasters which are quick setting. Hoskins} states that it 
may be quick setting plaster. However, most authorities seem to agree 
with Cole as to this particular property. 

The earlier patentst of Keene and Keating called for a mixture of 
plaster of Paris with one part borax, one part cream-of-tartar, and 18 
parts water. This mixture was dried and then calcined at a low red heat 
for six hours. One present method of manufacture of Keene’s cement { 
is to calcine gypsum rock in a small vertical kiln until the rock reaches 
a red heat; the dehydrated material is then treated with a 10 per cent 
solution of alum, again burned at a high temperature and ground for use. 
The high burning temperature tends to cause oxidation of any iron pres- 
ent, so that a perfectly white product can be made only from rock 
gypsum that is practically free from iron. According to Best,§ a fine 
grade of Keene’s cement can be produced by burning gypsum at a 
temperature of at least 650 deg. C., mixing it with a neutral catalyst, 
such as one per cent of K,SO,, and grinding the mixture to pass about 
a 150-mesh screen. 

Hoskins** states that a quick-setting grade of Keene’s cement 
can be formed from finely divided calcined gypsum together with a 
catalyst comprising K,SO, or other salt containng an amount of acid 
in excess of that necessary for the formation of an acid salt. From 2 to 
10 per cent of the product may be added to plaster of Paris to obtain a 
mixture suitable for use as a surgical cement. Another method of prepa- 
ration devised by Hoskinstf consisted in passing finely divided gypsum 
through a rotary internally fired kiln and adding calcium hydrate in 
sufficient amount to neutralize all acidity. 

At the present time one company, at least, makes Keene’s cement 
by calcining the gypsum at a high temperature and adding a small 
percentage of some soluble sulphate. The proportions of the salt added 
will undoubtedly determine the time of set. According to Eckelf{ the 
amount of Glauber’s salt added is one per cent. 

Mack’s cement, according to Cole, { {is composed of flooring plaster 
to which has been added a small amount of sodium or potassium 


*Cole, L. H., ‘‘Gypsum in Canada.” 

+Hoskins, Ww. jai U. S. Patents 1,300,269 and 1, eo apg 

tGrimsley, G. P., ‘The Gypsum of Michigan,” 

“Gypsum Deposits of New in Museum Bulletin No. 143, p. 88. 
$Best, J. C., Ag S. Patent 1,304,148 

**Hoskins, W. H., U. 8. Patents 1 ‘300, 269 and 1,370,968. 

ttIbid. 

ttEckel, ‘Cements, Limes and Plaster.” 

*4Cole, L. H., “Gypsum in Canada.” 
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sulphate. Unlike Keene’s cement this is a quick setting plaster, and i 
has great adhesive qualities; when set its surface is but slightly porous. |/ 


? 


Parian cement* is prepared in a manner similar to Keene’s |) 


cement, with the exception that the saturating solution is com- |P 
posed of borax instead of alum. The more concentrated the borax |) 
solution, the longer will be the time of set. i 

It has been found impossible to obtain any definite standards for 17 
the strength, time of set, or color of hard finish plasters, and a very small |p 


amount of data is available as to the methods of manufacture or physicai | 


properties. i 
Merchant} gives the following analysis and physical properties of a |) 
Keene’s cement made in Kansas: 


PiOiamian G coo buewe feo c 0.06; percent Mie Onan 0.19 
Fe,03 LOD ONDA Oo oro 0.000 SO; SONG Oreo CMO e cetuc oo 58.64 
(ALS Osta aa cee aoa 0.12 HeOkatlOOcC. saa 0.08 
CEO Peers anid auvecwres 41.02 Loss at red heat.......... 0.15 
Tensile strength of neat briquettes, 7 daysinair........ 750 lb. per sq. in. 
Speciiicseravity sess aace ae eee Ae aoe 2.96 
Fineness, through 100-mesh screen................... 99 per cent 
through 200-mesh screenv.cs....:...-.+.5-- 95 per cent 
SDIMCKOL SC Uaew cer im eee er en ee ie cee ee 3 hours 


A Keene’s cement made in Kansas was tested in 1892 by Carllt 
for tensile strength. The cement was mixed neat with enough water to || 
make a thick paste, and gave the following results: 


Tensile Strength Tensile Strength 


at 24 hours at 7 days 
Ib. per sq. in. lb. per sq. in. 
SJTTAVNININGS Woosooweo oder 374 630 
Specimen Non 2ieeseecee « 325 698 
Specimen’ Nov 3ocs.c0 ceased: = = 402 678 
Average lb. per sq. in....... 367 ‘609 


Carll was of the opinion that a good Keene’s cement could be made 
by grinding the gypsum, mixing it with a two per cent potassium alum 
solution, and evaporating the excess water. The mixture should then be 
calcined to 450 deg. C. and ground. To be made ready for use it should 


be mixed with 40 per cent water, and 4 per cent aluminum phosphate 
should be added as a retarder. 


*Grimsley, G. P., “The Gypsum of Michi 214. 
tMerchant, E. H., “Cement Age,” 9, ee ora he 
tCarll, O. S., Eckel’s ‘ ‘Cements, Limes and Plaster.” 
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6. Test of Commercial Keene’s Cement.—Two samples of Keene’s 
cement, designated A and B, respectively, were received from gypsum 
products manufacturers and teeted. The results of the tests are as fol- 
lows: 


Keene’s Cement A 


Water required for normal consistency................ 33 per cent 
ALMA er OR MLA Sete: eer Site) See Ae oy na ies ate 3 hours 
PLimevorsdinal selene teas eee ee ees ons Soe 6 hours 


Tensile strength of neat briquettes—seven days in air. .369 lb. per sq. in. 
Tensile strength of neat briquettes—three days in a damp closet and four 
CLASS Tiny ArT ese Bre Pate meter Oe curah eee Meda 491 lb. per sq. in. 


Keene’s Cement B 


Water required for normal consistency................ 30 per cent 
ebimexolcinitialisetamaatreea thee ace cer ates aot eae 4 hours 
ein exo toting sets: crash acters teehee ue ciel poua aoe as: a little over 7 hours 


Tensile strength of neat briquettes—seven days in air. .272 lb. per sq. in. 
Tensile strength of neat briquettes—three days in a damp closet and 
LOUTEOAY stellar eer eos saat ree: memes re a 495 lb. per sq. in. 


The most important feature revealed by these results is the effect 
of keeping the test pieces in a moist place until sufficient time had elapsed 
for complete hydration. The gain in strength is more noticeable for the 
cement that had the slowest rate of setting. This Should be expected, 
since a longer time is required for the plaster to crystallize. The author 
prepared plasters by adding accelerators after calcining that showed 
strengths as high as these, but the time of set was shorter. Undoubtedly 
if they had been placed in a damp Jar for several days, and then dried 
in air, the strength of the weaker slow-setting plasters would have been 
higher. These plasters were practically constant in volume. 

A microscopic examination showed that cement A crystallized in a 
shorter time than cement B. The.final strengths, however, are the 
same. 


7. Theory of Setting of Plaster—The generally accepted theory of 
the setting of plaster of Paris is that the plaster hydrates and goes into 
solution; this becomes supersaturated, and the CaSO,.2H2O crystallizes 
out of solution. This process goes forward until enough of the CaSO, 
.2H,O at least is crystallized to form a bond. 

Rohland* found that, in general, substances which increase the 
solubility of the gypsum accelerate the rate of setting, and those which 
decrease the solubility of the gypsum retard it. The investigations of 


*Zeit. Anorg. Chem. 35, 194, 195; quoted by Mellor, J. W., “Comprehensive Treatise on Inorganic 
and Theoretical Chemistry,” Vol. III. 


10 ILLINOIS ENGINEERING EXPERIMENT STATION 


Droeze, Cameron, and Breazeale* show that CaSO, is less soluble in jf 
all concentrations of K,SO,4, and forms the double salt syngenite, but | 
in the presence of Na,SO, the solubility first decreases and then in- | 
creases. The actions of these salts form exceptions to the rule given 
by Rohland, since they both decrease the solubility of the gypsum | 
and at the same time accelerate the rate of setting of anhydrous gypsum. | 
Payent thought the hardening action of alum was due to the formation 
of a double sulphate of potassium and lime. Landrint{ attributes the | 
hardening of alum plasters to the reaction of sulphate of alumina and | 
potash on the plaster stone, converting all the calcium carbonate into 
calcium sulphate. He tried mixtures of plasters with sulphates of 
ammonia, soda, and potash, but on account of the amount of water in 
these salts the results were not at first satisfactory. By changing the | 
proportions of the salts used so as to saturate the calcium carbonate in | 
solution, the results were good and a hard plaster was formed. Landrin | 
assumes that potassium, ammonium, and sodium sulphate act on the | 
calcium carbonate converting it into calcium sulphate. 

It is believed that Landrin’s theory is rather far fetched, since no 
determinations are given to support it and also because the amount 
of CaCO; in raw gypsum rock is often negligible. According to Mellor§ 
the mechanism of the setting of these plasters has not been established. 
It is believed by the author that the setting is caused by the common 
ion effect of the sulphate salts added, which results in the deposition of 
gypsum crystals. 

G. 8. Smallwood§ found that the addition of alum to gypsum gave 
plasters of higher strength than that possessed by those without alum. 
He also found that the increased temperature of calcination increased the 
whiteness of the plaster. This latter finding may be correct if there is a 
deposition of carbon at the lower temperatures of calcination. However, 
if the gypsum contains iron the color will decrease in whiteness as the 
temperature is raised, due to the oxidation of the iron. Smallwood’s 
investigations show that an increase in the amount of water used in 
mixing the plaster increases the time of set, and that the addition of 
alum before calcination has a more favorable effect on the plaster than 
if the alum is added after calcination. Raw gypsum with two per cent 
of alum added and the mixture then calcined to 450 deg. C. gave a 
tensile strength of 400 Ib. per sq. in. at the end of seven days, which 


Sn J. W., “Comprehensive Treatise on Inorganic and Theoretical Chemistry,’ Vol. III, 


+Payen, University Geological Survey of Kansas, Vol. V, p. 115. 
tQuoted in Grimsley, G. P., “The Gypsum of Michigan,” p. 214. 
§{Mellor, J. W., “Comprehensive Treatise on Inorganic and Theoretical Chemistry,” Vol. III. 


iT a S. Smallwood, ‘Preparation and Properties of Alum Plasters.”” Unpublished thesis, Univ. of 
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was the best result he obtained, probably due to the fact that he ° 
ground his plaster to pass a 20-mesh screen only. 


8. General Laboratory Methods Used in Preparation of Plasters for 
Present Investigation.—A large part of the preparation of the materials 
was the same for each method as that described below. Special methods 
of preparation for each will be discussed under the proper subdivisions. 

Gypsum rock from Fort Dodge, Iowa, and from Southard, Okla- 
homa, were used in these tests. Southard gypsum is very pure, while 
Fort Dodge gypsum contains impurities, especially iron. Both can be 
used for the manufacture of hard finish plasters, but the former pro- 
duces stronger plasters. Plasters made from Fort Dodge gypsum were 
darker in color than those made from the Southard gypsum, this being 
due to the oxidation of the iron in the calcination process. An increase 
in the temperature of calcination caused the plasters prepared from 
Fort Dodge gypsum to become darker in color. The presence of alum 
also caused the color due to iron to become more intensified. 

The raw gypsum was crushed and the portion which passed a one- 
inch standard screen and remained on a 4-in. screen was used. This 
size of material was chosen in order to minimize the insulating effect of 
gypsum during calcination. If a large mass of finely ground gypsum 
is burned it is necessary to provide continuous agitation in order to ob- 
tain a uniform temperature of calcination. If the pieces are too large 
there is danger of not having proper heat penetration to the interior of 
the stone. By using medium-sized pieces it is possible to get more near- 
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Fig. 2. Time-TEMPERATURE CURVE FOR CALCINING PLASTERS 


ly uniform calcination, because the hot gases can circulate between the 
lumps, and the insulating properties of gypsum are minimized. 

Since gypsum acts as an insulator, it was necessary to devise a means 
of calcining the gypsum in small batches, and to have each part of a 
batch calcined as nearly uniformly as possible. Several burns were made 
in order to find a method that would give uniform calcination. 

Finally, the kiln was arranged as shown in Fig. 1. Each sagger had 
an individual gas burner, and very little brick was used in the setting. 
By this method more uniform heat distribution was obtained, since 
each sagger had an individual control. The heat capacity was low, so 
that by regulating the burners the thermocouples showed a quick re- 
sponse to heating and cooling. 

Chromel-alumel thermocouples were used and the temperatures 
were measured by means of a potentiometer. Each sagger had two 
thermocouples, one inserted one inch from the outside walls and the 
other buried three-fourths of an inch deep in the gypsum. The time-tem- 
perature curve shown in Fig. 2 was followed. When the desired tem- 
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perature was reached it was held for two hours in order that the ma- 
- terial might be uniformly calcined. The temperatures as shown on the 
charts are correct to + 20 deg. C. 

This method was fairly satisfactory but slow, since only four 
batches of gypsum could be calcined at one time. 

The final grinding of the plasters was accomplished by first putting 
them through a Braun pulverizer. The material was then screened 
through a Tyler standard 100-mesh sieve and sealed in mason jars. 


9. Physical Tests Employed for Testing Plasters.—The following 
tests were used in investigating the properties of the plasters: 


Normal Consistency 


The drop-ball test was used for the determination of normal 
consistency. The requirements for this test are that a ball of plaster 
two inches in diameter dropped from a distance of two feet must not 
crack, nor the resulting mass have a diameter of more than four inches. 


Temperature Rise During Hydration 


After the proper amount of water was ascertained the plaster was 
placed in a paraffined paper cup, a thermometer was inserted, and the 
temperature was read at regular intervals until there was no further 
temperature increase. 


Time of Set 


This was determined by means of Gilmore needles such as are used 
in the testing of Portland cement. The time at which a needle 1/12 in. 
in diameter weighted to 14 lb. would no longer penetrate the flat sur- 
face of the plaster in the cup, was taken as the time of initial set, and the 
time at which a needle 1/24 in. in diameter and weighted to 1 lb. would 
not penetrate the plaster was taken as the time of final set. 


Shrinkage 


The linear shrinkage was measured on the tensile strength test piece 
by means of Vernier calipers, reading to 0.1 mm., the measurements 
being correct to within + 0.3 per cent. 


Tensile Strength 


A weighed amount of plaster was mixed with an accurately meas- 
ured amount of liquid, as determined by the normal consistency test. 
When the plaster was thoroughly mixed it was formed into briquettes 
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in standard’ tensile strength specimen molds such as are used for the | 


testing of Portland cement. An excess of plaster was used in filling i 
the molds and after the initial set the excess was struck off. Three to J 


six briquettes were made, allowed to dry for seven days in the air, and 
broken in a standard Riehle shot machine. It was found that better re- 
sults could be obtained if the briquettes were padded with a strip of 
blotting paper where they came in contact with the clips of the test- 
ing machine, as this prevented them from shearing between the clips. 


10. Experimental Procedure and Results.— 
Method No. 1 


Rock gypsum from Fort Dodge, Iowa, was used in this test. The 
properly sized raw material was soaked in saturated (but not super- 
saturated) solutions of Glauber’s salt, potash alum, and borax. Crystals 
of these salts were introduced into the solutions in order to cause the 
supersaturated solutions to deposit crystals. 

The amount of salts that a material will absorb from a saturated 
solution depends on the concentration of the solution and the porosity 
and other physical characteristics of the material. 

The solubility of Glauber’s salt in 100 grams of H.O at 15 deg. C. = 
39.8 gr. 

The solubility of potash alum in 100 grams of H,O at 15 deg. C. = 
9.6 gr. \ 

The solubility of borax in 100 grams of H;O at 15 deg. C. = 4.0 gr. 
The rock gypsum will therefore absorb considerably more Glauber’s 
salt than it will alum or borax. 

‘After being thoroughly saturated the gypsum was removed from 
the solution, drained, dried, and calcined for two hours at 450, 550, 
650, and 750 deg. C. The calcined material was then ground to the 
desired fineness as noted in Section 8. The time-temperature curve for 
calcination is shown in Fig. 2. 

The results were not altogether satisfactory in comparison with 
those noted for Keene’s cement (see p. 8). The maximum tensile 
strength of 550 lb. per sq. in. was attained by gypsum treated with 
Glauber’s salt solution and calcined at 450 deg. C. The calcination at 
higher temperatures resulted in a decrease in strength, the increased 
temperature destroying the effect of the salts used. 

It is worthy of note that at all temperatures of calcination the 
Glauber’s salt treatment produced the highest strength, with alum 
treatment, untreated gypsum, and borax treatment following in order 
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(see Fig. 3). The addition of borax appears to be detrimental to the | 
development of the strength of plasters, at least when used under the | 
conditions specified. The superior strength produced by the Glauber’s _ 
salt treatment over that produced by the alum treatment is probably |f 
due to the solution of Glauber’s salt used in the treatment being more _ || 
concentrated than the alum solution; hence more of that salt was ab- — 
sorbed by the gypsum. 

The rise-of-temperature curves show that the temperature of 
hydration decreases as the temperature of calcination is increased 
(see Fig. 3). There also appears to be a relation between the rise in 
temperature and time of set, for the slower the setting the lower is the 
rise in temperature. This would be expected, as setting is a chemical 
reaction, and when this is slow the heat is evolved at a slower rate. 

The amount of water necessary for normal consistency also de- 
creased with the temperature of calcination (see Fig. 3). This state- 
ment holds true for the pure gypsum as well as for gypsum that has 
been treated with salts. 

The rate of setting was accelerated by the addition of Glauber’s 
salt and alum; borax, however, acted as a retarder (see Fig. 3). In this 
test the plasters containing Glauber’s salt set more rapidly than the 
others. This is probably due to the fact that these plasters contained a 
higher percentage of the added salt than did those treated with alum. 
Further experiments by other methods show that a given percentage 
of alum produces greater acceleration of the rate of setting than the same 
percentage of Glauber’s salt. 

These results apparently show that the more rapid the set, the 
greater is the strength. This statement may be true for this method 
of adding the salts, but is not true for all methods. 

In these tests shrinkage in setting was practically negligible for 
plasters that set rapidly. Shrinkage, however, became apparent when 
the time of set increased appreciably (see Fig. 3). The strength de- 
creased rapidly with increased temperature of calcination (see Fig. 3). 
Potassium sulphate reacted with the gypsum and formed syngenite. 

Although these results are interesting, this method of treatment 
was abandoned because higher tensile strengths were obtained by other 
methods. 


Method No. 2 


Southard and Fort Dodge gypsums were used in this test and were 
calcined for two hours at temperatures of 450, 550, and 650 deg. C. 
The time-temperature curve is shown in Fig. 2. 
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Fic. 5. Trnsine StrRENGTH FOR PLASTERS PREPARED ACCORDING TO 
Metruop No. 2 


The plasters were prepared by mixing with weighed portions 
of the calcined gypsum enough salt solution to introduce Glauber’s 
salt and potash alum in amounts of one, two, and four per cent, respec- 
tively, of the weight of gypsum for each of the calecines. Borax was 
used with Fort Dodge gypsum calcined at 550 deg. C. 

The time of set, heat of hydration, and tensile strength determina- 
tions were made as before. When the rate of setting was not too rapid, 
the normal consistency was determined by means of the drop ball test 
previously described. Some of the plasters proved too rapid in setting 
to permit of testing. 

The plasters calcined at the lower temperatures and prepared by 
adding the salts in the mixing water showed an exceptionally rapid rate 
of setting (see Fig. 4). This did not allow sufficient time for proper 
mixing of the plaster and preparation of the test specimens, and this fact 
will account in large measure for the apparently erratic results. It was 
impossible to check the results of tensile strength tests on these mixtures, 
although a duplicate series of tests was made. 

The results show that there is a marked decrease in the strength 
developed and also a great increase in the time of set for temperatures 
of calcination above 550 deg. C. This is due to the decreased solubility 
of the gypsum at high temperatures. These plasters show no shrinkage 
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in setting. The maximum strength of 600 lb. per sq. in. was developed 
with Southard gypsum calcined at 550 deg. C. with the addition of 2 
per cent potash alum in solution. An increase in concentration of the 
sulphate solution generally resulted in an increase in strength when the 
plasters were calcined at a given temperature. This may not hold true 
for more concentrated solutions. Borax acted as a retarder in the 
same manner as found for method No. 1. 

The tensile strength of plasters burned to the same temperatures 
and hydrated with water alone was not so great as of those to which ac- 
celerators were added, as shown in Fig. 5. 

Commercial Keene’s cement is made by this method, but it is prob- 
able that the amount of soluble sulphates added is much smaller than 
that used in these tests. 


Method No. 3 


Rock gypsums from Fort Dodge, Iowa, and Southard, Oklahoma, 
were used in this test. The material was sized as previously noted in 
Section 8 and burned to 350 deg. C. The burning curve given in Fig. 2 
was followed in this burn, and the temperature was held constant for 
two hours at the desired figure. The burned gypsum was then crushed 
to pass a 100-mesh screen. Accurately weighed portions of the ma- 
terial were mixed with solutions containing respectively one, two, and 
four per cent of Glauber’s salt and potash alum, and the mixtures were 
allowed to set. Borax solutions were also used with Fort Dodge gypsum 
calcined at 550 deg. C. The amounts of solution added in these tests 
were from 80 to 100 per cent by weight of the plaster used. This large 
amount of solution was purposely added in order to saturate the plaster 
thoroughly with the salts. The set plaster was then broken in pieces 
and burned to the desired temperature, which was held constant for 
two hours, the rate of burning being that shown in Fig. 2. “After cal- 
cination the material was ground to pass a 100-mesh screen. As a gen- 
eral rule, increased temperature of calcination reduced the amount of 
water necessary to obtain normal consistency (see Fig. 6). 

The results of these tests show conclusively the effect obtained by 
adding the soluble salts to gypsum calcined at 350 deg. C. and then 
recalcined at higher temperatures. 

In all cases for the same temperature of calcination an increase 
of salt concentration gave an increase in tensile strength (see Fig. 7). 
The results show that the addition of either Glauber’s salt or alum will 
produce a very strong plaster, and there does not seem to be any marked 
difference between the two gypsums used. The maximum strength with 
the addition of one per cent of Glauber’s salt and potash alum was 
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reached at 450 deg. C. With the addition of two per cent Glauber’s salt 
the maximum strength was reached at 550 deg. C. 

With the addition of two per cent of potash alum the maximum 
strength for Fort Dodge gypsum was reached when the mixture was 
calcined at 550 deg. C.; for Southard gypsum the maximum strength 
was given by calcining at 450 deg. C. The test of this latter material 
was not satisfactory as the test pieces were faulty. With four per cent 
of alum the greatest strength was reached with a calcining temperature 
of 550 deg. C.; with four per cent of Glauber’s salt a calcining temper- 
ature of 650 deg. C. gave the maximum strength. In the majority of 
cases for the addition of equivalent percentages, alum produced higher 
strength than Glauber’s salt. The maximum strength obtained in these 
tests for all plasters tested, however, was obtained with Southard gypsum 
with the addition of four per cent of Glauber’s salt, the mixture being 
calcined at 650 deg. C. The addition of borax resulted in a decrease in 
strength. 

These plasters set much more slowly than those to which the same 
percentage of salts had been added after calcination, indicating that 
calcination tends to decrease the tendency of the salts to act as accel- 
erators. 

The curves of Fig. 8 show that potash alum was a more powerful 
accelerator than Glauber’s salt. The time of set was increased by in- 
creased temperature of calcination, and there does not appear to be any 
relation between the time of set and the tensile strength. When the time 
of set was greater than 24 hours it was not measured, for it was assumed 
that drying helped to cause a hardening of the plaster. Borax acted as a 
retarder. 

Figure 9 shows that there is a relation between the time of set, the 
temperature of hydration, and the shrinkage. The rise in temperature 
during hydration decreased with the temperature of burning. This 
would be expected, since the increased temperature causes the chemical 
processes to be retarded. The more rapidly the chemical changes take 
place in exothermic reactions, the greater is the amount of heat evolved 
in a given time. 

The results show that the higher the temperature attained in burn- 
ing the gypsum the greater was the shrinkage. This is due to the 
increased time of set, which allows the particles to draw closer together 
before forming a rigid mass. 

The plasticity, i.e., the ease with which the plaster could be spread, 
increased with the time of set and the temperature of burning. The plas- 
ters produced by method No. 3 were more plastic than those produced 
by methods Nos. 1 and 2. 
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Iron in the raw materials caused a darkening of the color, and this 
deepening of color became more pronounced with increased temperature 
of calcination. Plasters made from Fort Dodge gypsum were darker 
than those prepared from Southard gypsum on account of more iron be- 
ing present in the former. The presence of alum caused the color due to 
iron to be intensified. The addition of two per cent of Glauber’s salt 
caused an efHlorescence on the surface of the br:quettes. 


III. Microscopic Stupy OF THE SETTING OF PLASTERS 


11. Object of Microscopic Study.—This study was made in order 
to check the results obtained by the methods previously employed, and 
at the same time to gain an insight into the mechanism involved in the 
setting of plasters. 


12. Optical Properties of Compounds Involved.— 
Crude Gypsum 


Gypsum occurs in massive beds, in crystals, in finely granular 
aggregates, and in fibrous masses, under a great variety of conditions. 
The crystals are monoclinic, euhedral, usually simple in habit, 
commonly flattened parallel to (010), sometimes prismatic in the di- 
rection of the ¢ axis, sometimes by development of (111) and other 
forms, and sometimes acicular in habit parallel to the c axis. They 
are optically positive. The plane of the optic axis is parallel to (010) 
at ordinary temperatures. The acute bisectrix is inclined 5214 deg. 
to the c axis in the obtuse angle and is noticeably dispersed. The 
axial angle is large; the dispersion is strong and inclined; p is greater 
than v; refraction and double refraction are low. 


a= 1.5208 B=1.5220 y = 1.5305 y —a=0.0097 


In sections parallel to (010), since the X-ray is inclined 374% deg. to the 
¢ axis, the elongation in acicular crystals is negat’ve. 

With rise of temperature the angle of the optic axes decreases, 
becoming 0 deg. for red light at 116 deg. C. Above this temperature the 
angle opens in the plane perpendicular to (010). 


Calcined Gypsum 
The optical properties of calcined gypsum are not so well known. 
Davis* has stated that when monoclinic gypsum is heated, it is very 


*Davis, W. A., Jour. Chem. Ind., 25, 727, 1907; ted in J. W. cs i i 
on Inorganic and Theoretical Chemistry,” Vol. III, Ne 770. aa mt Bane ieee ye ft 
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probably converted into a second rhombic form of gypsum; and that 
before monoclinic gypsum is dehydrated, it first changes into the 
rhombic form. Lacroix* has shown that when a plate of gypsum is 
heated, long needles appear within the crystal, and that they are 
elongated in the direction of the vertical axes of the gypsum and give 
a rigidly longitudinal extinction. 

Davis{ concluded that the setting of plaster of Paris is not sim- 
ply a regeneration of gypsum by the rehydration of the hemi-hydrate, 
for if the setting is observed under the polarizing microscope, ‘“‘not a single 
gypsum crystal can at first be detected in the set mass; the cake of set 
material during the first quarter of an hour after it has hardened to a 
coherent mass which is only slightly indented by the finger-nail, is made 
up of crystals showing a straight extinction only, and therefore probably 
orthorhombic. The first product of the setting of the half hydrate 
(or soluble anhydride) is, indeed, the same orthorhombic dihydrate as is 
produced in the first stage of the dehydration of gypsum. Gypsum 
crystals subsequently make their appearance within the set mass 
owing to the fact that the orthorhombic form of the dihydrate is 
labile at ordinary temperatures and undergoes change, more or less 
rapidly, during the course of several hours or days, the time varying 
greatly, into the more stable form of gypsum.” 

The author has noted the change of the optical properties of gypsum 
upon heating and has found the dehydrated crystals to have parallel 
extinction with positive elongation. He has failed to note the change 
on setting reported by Davis, but is inclined to believe that there is an 
orthorhombic form developed in the slow setting plasters which appears 
as a micro-crystalline aggregate that goes into solution and then re- 
crystallizes as monoclinic gypsum. With the fast setting plasters this 
micro-crystalline material did not appear, the crystals being formed 
as monoclinic crystals directly from solution. 


Potassium Alum (Kalinite), (SO,)2.12H,O 


This occurs in artificial crystals as well developed cubes, octa- 
-hedrons and pyritohedrons. In nature it is usually fibrous or in crusts. 
n = 1.4557. 


Glauber’s Salt (Mirabilite), Na,SO,.10H,O 


This occurs as monoclinic crystals. These crystals are like pyroxenes 
in habit and are optically negative. a = 1.396, 6 = 1.410, y = 1.419, 
y — a = 0.023. 
*Quoted by J. W. Mellor in “Comprehensive Treatise on Inorganic and Theoretical Chemistry,”’ 
Vol. II, p. 770. 


+Davis, W. A., Jour. Chem. Ind., 26, 727, 1907; quoted in J. W. Mellor, ‘‘Comprehensive Treatise on 
Inorganic and Theoretical Chemistry,” Vol. III, } 
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Syngenite, K,SO,.CaSO, 


This occurs as either monoclinic laths or acicular crystals elongated 
parallel to the c axis. The indices of refraction are: 


a = 1.500 6 = 1.518 vy = 1.519 y= a= 0.19 
X = a; angle between Y and c = 2°3’; Z = b 
Since 6 is very close to y and Y is close to c, the elongation is positive. 


13. Methods Employed for the Preparation of Specimens.—Southard 
gypsum was screened through a 144-in. mesh sieve, and that retained on a 
35-mesh sieve was used in these tests. The gypsum was placed in a nickel 
crucible and calcined in a small electric resistance furnace, the temper- 
atures being measured with a noble metal thermocouple. Figure 10a 
shows the time-temperature rate of the initial calcination to 350 deg. C. 
After calcination the gypsum was crushed to pass a 20-mesh sieve, and 
then mixed with a measured amount of solutions which contained one, 
two, and four per cent, respectively, of Glauber’s salt and potash alum, 
calculated on the basis of the plaster used; the mixtures were then allowed 
to set. The set plasters were dried at room temperature and calcined 
at 450, 550, 650, and 750 deg. C. according to the time-temperature 
curve shown in Fig. 10b. When the desired temperature was reached 
the plasters were held at that point for two hours. A sample of the 
raw gypsum was calcined at the same time. After calcination all plasters 

/ were ground to pass a 100-mesh screen. 
Commercial pottery plaster and Keene’s cement were used as 


received. 


14. Technique of Investigation.—Slides for the optical study of these 
plasters were prepared by placing a drop of water or solution contain- 
ing salts on a glass slide and mixing a little of the plaster with it, and 
then protecting the mixture with a cover glass. When it was desired to 
examine the mixture after a number of days, the outside edges of the 
cover glass were sealed by using a solution of cooked Canada balsam 
dissolved in benzol;* this method proved very efficient in preventing 
the evaporation of the solutions. 

The optical methods of examination mostly employed were the 
determination of the extinction angles, the sign of the elongation, and 
the crystalline form. Only the crystals of set gypsum showed inclined 
extinction and negative elongation; the anhydrous crystals gave parallel 
extinction and positive elongation. The extinction angles and the sign 


*‘Hydration of Portland Cement,” U. 8. Bureau of Standards Bul. No. 43. 
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of the elongation were easily determined by using the gypsum plate 
inserted between crossed nicols. 

The micro-crystalline matter can be detected only if high magnifi- 
cation be used and a gypsum plate be inserted between crossed nicols. 
With low power the micro-crystalline matter appears amorphous. 


15. Experimental Methods and Results.—This phase of the work 
covered the examination and study of the following: 

(a) Pottery plaster and anhydrous gypsum mixed with water and 
with solutions of potash alum and Glauber’s salt. 

(b) Plasters treated with Glauber’s salt and potash alum by the 
addition of salts after calcination. 

(c) Plasters prepared by calcining at 350 deg. C. and recalcining 
the resultant product. 

(d) Gypsum calcined at temperatures ranging from 450 to 750 
deg. C. with the addition of water. 

(e) Set plasters. 

(f) Crystallization of gypsum from dilute solutions. 


(a) Pottery Plaster and Anhydrous Gypsum Mixed with Water and with 
Solutions of Potash Alum and Glauber’s Salt. 


These tests were made with the plasters placed on glass microscope 
slides and then covered with cover glasses, the edges of which were 
sealed with Canada balsam. 


Pottery Plaster with Solution Containing 10 per cent of Potash Alum 


The characteristic monoclinic gypsum crystals of CaSO,.2H,0O 
were present at the end of two minutes. At the end of two hours the 
slide was well covered with crystals, and there was little additional 
crystallization after that time. The crystals tended to be long and 
acicular, the largest being developed at the edges of the slide where they 
had the most room to grow and where the concentration of plaster was 
the least. 

These crystals grew directly from the solution. The first appearance 
was a thin narrow needle which gradually became thicker and longer. 
As soon as the crystals became large enough their optical properties were 
determined, and they were found to be monoclinic. 


Pottery Plaster with Solution Containing 10 per cent of Glauber’s Salt 


A few crystals were developed at the end of eight minutes; numerous 
crystals were present at the end of 214 hours; and at the end of 15 hours 


Fic. 11. Gyrsum Caucrnep av 650 pea. C. (x 100) 


Slide was prepared by the addition of water to a small amount of gypsum calcined at 650 
deg. C. This picture was taken at the end of fifty days. Crystals grew by the dissolving of the 
micro-crystalline matter which recrystallized in the large crystals of gypsum with rhombic habit. 
These crystals increased in size with age and at the time that this picture was taken were still 


growing. The black material is micro-crystalline matter. 


Fic. 12. SourHarp Gypsum Caucinep at 550 pec. C. wirm Larce Excess or Four 
Per Cent Aum Soxution (x 100) 


The less dense portion of a microscope slide prepared by the addition of a large excess of 
4 per cent alum solution to a small amount of Southard gypsum calcined at 550 deg. C. Note 
the long acicular crystals of monoclinic gypsum and the absence of micro-crystalline matter. 


Fig. 13. SoutHarp Gypsum CaLciINep AT 450 pec. C. wir Larce Excess or Four 
Per Cent GuAuser’s Saut SoLtuTiIon (x 100) 


The less dense portion of a microscope slide prepared by the addition of a large amount of 
4 per cent Glauber’s salt solution to a small amount of Southard gypsum calcined at 450 deg. C. 
Note the small rhombic crystals and the absence of micro-crystalline matter. The crystals did not 
make their appearance as early as they did in the slide shown in Fig. 12. 


Fie. 14. Sournarp Gypsum Cacrnep at 550 psa. C. witH Larce Excrss 
or Four Per Centr Guauser’s Saur Sotution (x 100) 


Different parts of a microscope slide prepared by adding a large excess of 4 per cent 
Glauber’s salt solution to a small amount of Southard gypsum calcined at 550 deg. C. 
Note large number of small crystals in the upper right-hand corners of the micrographs 
where the concentration of the plasters was greatest. The crystals surrounding these are 
much larger and the background is micro-crystalline matter. Most of the large black 
spots are crystals of dehydrated gypsum undergoing alteration to micro-crystalline matter. 
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the plaster was well crystallized. At the end of 24 hours there was no 
further crystal development. These crystals were not so acicular as 
those developed with the alum solution. 


Pottery Plaster with Water Added 


A very few crystals were developed at the end of one hour and ten 
minutes; numerous crystals were present at the end of 214 hours, and the 
slide was nearly covered at the end of 15 hours. At the end of 24 hours 
the plaster was completely crystallized. The crystals present tended 
to be acicular, but were thicker than those developed on the two pre- 
ceding slides. Swallow-tail twins were common. 


Southard Gypsum (burned at 450 deg. C) with a 10 per cent 
Potash Alum Solution Added 
A few crystals were developed at the end of one hour; at the end 
of 214 hours a few more were present; and at the end of 15 hours the 
plaster was completely crystallized. The crystals were acicular in the 
less concentrated parts of the slide, while in the more concentrated por- 
tions they were rhombic. 


Southard Gypsum (burned at 450 deg. C.) with a 10 per cent 
Glauber’s Salt Solution Added 
No crystals were developed at the end of one hour; at the end of 
21% hours there were a few crystals present; and at the end of 24 hours 
the plaster was completly crystallized. The crystals tended to be 
rhombic. , 


Southard Gypsum (burned at 450 deg. C.) with Water Added 


At the end of seven days there were no monoclinic crystals present, 
although there was considerable micro-crystalline matter. At the end 
of 15 days the plaster was well crystallized. The crystals were com- 
paratively large and rhombic and grew at the expense of the micro- 
crystalline matter. 

Southard Gypsum (burned at 650 deg. C.) with a 10 per cent 
Potash Alum Solution Added 

No crystals were developed at the end of one hour; at the end of 
21% hours there were a few crystals present; numerous crystals were 
present at the end of 15 hours; and at the end of 24 hours the plaster 
was well crystallized. The crystals were rhombic. 


Southard Gypsum (burned at 650 deg. C.) with a 10 per cent 
Glauber’s Salt Solution Added 


No crystals were developed at the end of one hour; at the end of 
21% hours the slide was nearly covered with micro-crystalline material, 
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but very few crystals were developed. There were only a few additional 
crystals present at the end of 24 hours, but at the end of 48 hours the 
plaster was completely crystallized. The crystals were fairly large and 
rhombic. 


Southard Gypsum (burned at 650 deg. C.) with Water Added 


At the end of three days no crystals were developed but the slide 
was well covered with micro-crystalline matter. At the end of 12 days 
there were still no crystals present. At the end of 19 days some large 
rhombic crystals were developed; these kept increasing in number and 
size. Actual measurements made on individual crystals showed that they 
grew slowly, and at the same time the amount of micro-crystalline 
matter decreased. At the end of 60 days this crystallization was still 
in progress. One small monoclinic crystal noted, disappeared in solution 
and it is quite probable that others did likewise (see Fig. 11). 


Pottery Plaster with Concentrated Glauber’s Salt Solution 


Monoclinic gypsum crystals were first noted at the end of 49 
minutes. There was a large amount of powder on the slide and only a 
small amount of solution. 


Pottery Plaster with Concentrated Potash Alum Solution 
The crystals started to grow at the end of 344 minutes. 


Discussion of Results 


The results of the foregoing tests show very markedly the effect of 
Glauber’s salt and alum as accelerators. 

When the crystallization was extremely rapid, the crystals were 
long and acicular, as shown in Fig. 12, corresponding to the crystals in 
natural satin spar. Tutton* speaks of gypsum forming long acicular 
crystals by the slow precipitation of gypsum upon the evaporation of a 
drop of mixed solution of sulphuric acid and calcium chloride. The 
author is inclined to disagree and to believe that in reality this is a rapid 
method of producing crystals and that long acicular crystals of gypsum 
are the product of rapid crystallization. 

When the crystallization was slower there was a tendency for the 
plasters to form crystals with a rhombic habit, corresponding to natural 
selenite crystals which have had room for development (see Fig. 13). 
Where there was a very slow crystallization there was a tendency towards 
formation of the micro-crystalline material; this seemed to develop from 
the disintegration of the larger crystals of anhydrous gypsum. This 
micro-crystalline material appeared as a decomposition product and in 


*Tutton, ‘Natural History of Crystals.” 
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many cases the author noted the progression of this change. Under high 
power magnification this material was seen to consist of small fibers 
having parallel extinction, thus corresponding to small orthorhombic 
crystals of dehydrated gypsum. The large crystals of dehydrated 
gypsum gradually lost their clear cut form and the micro-crystalline 
material formed on the surface. This material disappeared in solution 
and reappeared as clear cut crystals of monoclinic gypsum (see Fig. 14). 

The results of these tests show that Glauber’s salts and potash alum 
act as accelerators and that the latter is the more powerful. The speed 
of crystallization is retarded by an increase in the temperature of cal- 
cination, and, since the rate of setting depends on the speed of crystalli- 
zation, this is also retarded. 

The retardation of crystallization by a solution of concentrated 
Glauber’s salt was due to the increase of the solubility of the gypsum in 
solution (see Section 14). 


(b) Plasters Treated with Glauber’s Salts and Potash Alum by the 
Addition of Salts after Calcination (as in Method No. 2). 


The microscope slides were prepared as before. Solutions contain- 
ing one and four per cent, respectively, of the salt solution were used 
with anhydrous gypsum calcined at 450, 550, 650, and 750 deg. C., re- 
spectively. Two slides were prepared for each plaster and each concen- 
tration of solution, one containing a very small amount of plaster in the 
solution, the other a great amount. However, none of these mixtures were 
as concentrated as the plaster mixtures ordinarily used, since such mix- 
tures would be very difficult to examine under the microscope. 

A record was kept of the time at which crystallization was first 
noted, and the slides were examined each day thereafter. The results 
of this microscopic examination are recorded in Table 1. 

As the temperature of calcination was increased, the progress of 
crystallization became slower. 

Asarule an increase in rate of crystallization occurred with the small 
excess of solution; this effect was more marked with the Glauber’s salt 
solution than with the alum, since with the latter the crystallization 
was so rapid that it was difficult to detect any difference between the 
cases. 

The size and shape of crystals were dependent upon the rate of 
crystallization in the same manner as in the case already discussed 
(see p. 30). Of the crystals which developed rapidly those in the less 
dense portions of the slide were long and acicular, while those in the 
dense portions were small and rhombic. This may have been due to the 
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fact that there were more possible centers of crystallization in the 
denser portions. 

If the plaster started to crystallize fairly rapidly within two days, 
then the crystals were small. Increased temperature of calcination 
apparently was conducive to the growth of smaller crystals. Grimsley 
explains this as being due to the finer comminution of gypsum by higher 
* temperatures of calcination. 

When the crystallization was greatly retarded, micro-crystalline 
matter made its appearance; if the plaster crystallized, this material 
disappeared. This micro-crystalline matter may have been conducive 
to the greater plasticity of the plasters that were slow setting, because 
of the greater mobility of this material. In all cases studied, alum was a 
more powerful accelerator than Glauber’s salts, and with a solution of 
- either, the setting of the plaster was more rapid than with water alone. 

The author is not as yet able to explain the retardation of crystalli- 
zation in the case of the plaster calcined at 650 deg. C. and mixed with 
4 per cent potash alum solution (see Table 1). 


(c) Plasters Prepared by Calcining at 350 deg. C. and Recalcining the 
Resultant Product (as in Method No. 3). 


The plasters were prepared as described in Section 13. Two slides 
were prepared for each plaster, one containing a small excess and the 
other a large excess of water. The edges of the cover glasses were sealed 
with Canada balsam. 

The reactions on the slides were noted in the same manner as in the 
preceding tests, and the results of the microscopic examination are 
given in Table 2. 

The results verify those given for the preceding tests, showing that 
alum is a more powerful accelerator than Glauber’s salt, and that an 
increase in the temperature of calcination results in the slower develop- 
ment of crystals. The crystals grew faster with a small excess of water, 
and the faster this growth the smaller were the rhombic crystals devel- 
oped. The crystallization did not seem to be sufficiently rapid to produce 
acicular crystals. The growth of crystals by the dissolving of the 
micro-crystalline matter was very noticeable where the rate of formation 
of crystals was sufficiently retarded. The alteration of the crystals of 
anhydrous gypsum was very pronounced, especially where Glauber’s 
salt was present. 

The increased plasticity of the plasters prepared by method No. 3 
is probably due to the micro-crystalline matter formed, as well as to the 
retardation of the time of set. 
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The crystals of anhydrous gypsum were very much smaller than 
those developed where raw gypsum was not recalcined as in method 
No. 2. This was especially pronounced when the plasters were calcined 
at 650 deg. and 750 deg. C., the increase in the temperature of calcin- 
ation apparently resulting in the comminution of the crystals. 

It should be noted that there was not as large a percentage of the 
salt present as when it was added in solution as in method No. 2. 
This may account in part for the slow growth of crystals, but is probably 
due largely to the effect of calcination as observed in the physical tests. 

The author is unable to explain why the addition of water to the 
plaster containing four per cent of alum and calcined at 650 deg. C. 
failed to cause a growth of crystals. This may indicate the existence of 
a critical point of some kind, as the same phenomenon was noticed with 
the addition of four per cent alum solution to plaster calcined at 650 deg. 
C. as in method No. 2. (see Table 1.) 


(d) Gypsum Calcined at Temperatures Ranging from 450 to 750 deg. 
C. with Water Added. 


Included under item (a) of this section are some data relative to the 
crystallization of pottery plaster made from Southard gypsum calcined 
at a lower temperature. The pottery plaster showed the development 
of crystals at the end of one hour and ten minutes. In the present case 
Southard gypsum was calcined with the other plasters to temperatures 
ranging from 450 to 750 deg. C. The slides were prepared as in the pre- 
ceding experiments. 

Southard Gypsum Calcined at 450 deg. C.; Large 
Excess of Water Added 

Micro-crystalline matter was present at the end of a few days. 
At the end of 12 days a few crystals of gypsum were developed and at 
the end of 14 days the plaster was well crystallized in the denser parts 
of the slide. The crystals were smallest in the densest parts of the slide 
and increased in size towards the less dense portions. There was con- 
siderable micro-crystalline matter present at the outer edges of the 
slide and this gradually disappeared as the crystals increased in number 
and size. The large crystals of the original calcined gypsum gradually 
disappeared in the solution and seemed to disintegrate into the micro- 
crystalline matter. The surfaces of the large crystals lost their sharp 
outlines and became rather fuzzy in appearance. 


Southard Gypsum Calcined at 450 deg. C.; Small Excess of Water Added 


The crystallization was practically the same as in the previous 
case, except that the crystals were more numerous. At the end of 30 
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days in both cases the crystals were still growing, and the micro-crystal- 
line matter becoming less. 

The plasters burned at 550, 650, and 750 deg. C. did not hydrate 
and crystallize within the 30 days. There was some micro-crystalline 
matter present in each case, but this seemed to diminish with the tem- 
perature of burning. Increased temperature of burning tended to cause 
the particles of anhydrous gypsum to be smaller. 

In item (a) of this section mention is made of the growth of crystals 
with Southard gypsum calcined at 650 deg. C. In that case the plaster 
was burned at a different temperature rate and under different con- 
ditions; this may account for the difference in results. 


(e) Set Plasters 


The examination of these plasters is very difficult owing to the small 
crystals present, and can be satisfactorily made with high power magni- 
fication only. The use of a gypsum plate is of value in determining the 
structure of the plasters. All samples of the plasters examined were 
selected from the test pieces prepared for the tensile strength tests, with 
the exception of one of pottery plaster, which was taken from a plaster 
mold. Both grains and thin sections were used. 


Examination of Grains of Hydrated Plaster Prepared from Gypsum 
Calcined at 450 deg. C. and Set with Water 


A large part of this plaster was not hydrated as large crystals of 
dead burned gypsum were present, although some crystals present were 
so small that their optical properties could not be determined. 


Examination of Grains of Plaster Prepared by the Calcination of Gypsum at 450 deg. 
C. and Set with the Addition of a Solution which Contained 1 per cent of 
Glauber’s Salt (based on the weight of dry plaster) 


Very few crystals that could be considered as the orthorhombic 


modification of dead burned gypsum were found. Most of the crystals 
were micro-crystalline in size. 


Examination of Grains of Plaster Prepared by the Calcination of Gypsum at 450 
deg. C. and Set by the Addition of a Solution which Contained 4 per cent 
Potash Alum (based on the weight of dry plaster) 


The whole mass of the set plaster seemed to be made up of micro- 
crystals oriented in all directions. 


Examination of Grains of Plaster Prepared by the Calcination of Gypsum at 650 
deg. C., Set with the Addition of Water 


There were very few small crystals present; in general the crystals 
were large and easily determined as crystals of dehydrated gypsum. 
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Examination of Thin Sections* 


Section A was cut from a tensile strength specimen prepared by 
calcining Southard gypsum at 350 deg. C., adding a solution containing 
4 per cent by weight of potash alum, and recalcining the resulting hy- 
drated plaster to 650 deg. C. 

Section B was prepared in the same manner as Section A, except 
that Glauber’s salt was used in place of alum. 

Section C (pottery plaster) was prepared from a piece of a pottery 
mold. 

The structures of sections A and B were almost identical and re- 
sembled that of an exceptionally fine grained quartzite, the crystals all 
being of practically the same size, oriented in various directions. On 
account of their interference with each other during development the 
erystal faces could not be distinguished. 

The crystals in the thin section of pottery plaster were very small 
and some had parallel extinction. It is probable that the plaster had 
not been completely hydrated, as the sample was taken from a small 
piece of plaster that had been allowed to dry rather quickly in air. 

The crystal structure shown in thin sections A and B was entirely 
different from that of the sample of pottery plaster examined. The hard 
finish plasters were much denser, due probably to the smaller amount 
of mixing water used. 


16. Solubility of Gypsum.—G. A. Hulett and L. E. Allent have 
determined the solubility of gypsum in water in a state of normal satur- 
ation expressed in grams of calcium sulphate (CaSO,) per 100 cc. of 
solution. The values given herewith are partly interpolated. 


piemyoe des Care seer 0 10 20 30 40 50 60 


Solubility (gr. CaSO. 
per 100 cc. solution)0.1759 0.1928 .... 0.209 0.2097 0.2038 0.1996 


Cavazzit obtained supersaturated solutions with 0.947 grams of CaSO, 
per 100 cc. Marignact found that when a quantity of plaster of Paris 
is shaken with water for five minutes and rapidly filtered, the fil- 
trate is five times more concentrated than a saturated solution of 
gypsum, and the solubility of this fine grained gypsum is much greater 
than that of the coarse grained material. He also states that it is ex- 
ceedingly easy to obtain a supersaturated solution of gypsum, and that 
it comes very slowly to equilibrium even in the presence of an excess 


of solid gypsum. 


*These sections were prepared by Harold Tomlinson, Swarthmore, Penn. _ 
+Mellor, J. W., “Comprehensive Treatise on Inorganic and Theoretical Chemistry,” Vol. III, p. 778. 
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Rohland* states that salts which increase the solubility of the gyp- Ff 
sum accelerate the set. This is not true in all cases, since Glauber’s salt 
and potash alum both accelerate the set and at the same time decrease 
the solubility of the gypsum. 

The solubility of gypsum at 15 deg. C. in the presence of NaSO, 
in grams per 100 cc. as determined by Cameron and Breazeale is 


Grams Na,SO,...0.239. 0.9535 1.4132 2.4369 4.615 9.422 14.612 25.7 
Grams CaSO, ...0.165 0.1547. 1.1388 0.1471 0.165 0.198 0.2234 0.265 


According to Mellort “The results show that with increasing con- 
centration of the more soluble salt, therefore, there is at first a decrease in 
the solubility of the calcium salt in accord with the rule for salts with a 
common ion, and there is then an increase which can be explained by the 
assumption hat there are formed complexes between the solvent and 
one or more of the solutes, or between the two solutes, or a change in the 
density of the solvent.” 

There are no quantitative data available on the solubility of gypsum 
in the presence of potash alum. However, the writer made some qualita- 
tive experiments which showed that potash alum decreased the solubility 
of calcium sulphate. 

A large amount of pottery plaster was taken, distilled water added, 
and the mixture shaken vigorously for a few minutes. The solution was 
filtered and allowed to stand for one day. At that time there were a large 
number of crystals of gypsum deposited on the sides of the test tube. 
This confirms the statement of Marignac already given as to the ease of 
preparation of a supersaturated solution of CaSQ,. 

This solution was then filtered into three small test tubes. To the 
first no salts were added, to the second a few drops of 10 per cent Glau- 
ber’s salt solution, and to the third a few drops of 10 per cent potash 
alum solution. 

The test tubes were tightly stoppered and allowed to stand for three 
days. At the end of that time there were no crystals present in the tube 
to which no salts had been added. In the second, which contained the 
Glauber’s salt, there were a few crystals present; and in the third, which 
contained the potash alum, there were a large number of crystals present. 
This experiment was repeated in order to check the result. The same 
experiment was performed by using gypsum burned at 650 deg. C. 
instead of pottery plaster. The results were about the same, except that 


in no case were there as many crystals deposited as when pottery plaster 
was used. 


: *Quoted by J. W. Mellor, “Comprehensive Treatise on Inorganic and Theoretical Chemistry,” Vol. 
sae J. W., “Comprehensive Treatise on Inorganic and Theoretical Chemistry,’”’ Vol. III, 
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In another test a supersaturated solution of pottery plaster was 
filtered into three test tubes, the salts being added to two of them as 
above, and the tubes allowed to stand. At the end of one day the crystals 
were larger in size in the test tube which contained potash alum than in 
those which contained the Glauber’s salt or the clear filtrate. The latter 
test tube had the smallest crystals. 

These experiments showed that both of the sulphates decrease the 
solubility of the gypsum, that increased temperature of calcination 
decreases the solubility, and that these salts cause a more rapid growth 
of the crystals as well as an increase in the quantity deposited. The 
work of Cameron and Breazeale show that dilute solutions of Glauber’s 
salt reduce, and concentrated solutions increase, the solubility of CaSO,. 
However, the former accelerate, and the latter retard, the formation of 
crystals (see p. 30). 


IV. CoRRELATION OF OPTICAL STUDIES WITH PHYSICAL TESTS 


17. Comparison of Characteristics of Optical Study and Physical Test 
Specimens.—The test pieces for the physical tests were made from 
mixtures that were very dense and very rarely contained over 40 per 
cent by weight of water, while the slides made for the optical studies 
were prepared with a large excess of water in order that the crystalliza- 
tion of the plasters could be studied to better advantage. The crystals 
developed in the plasters as prepared for commercial use were extremely 
small, and it was exceedingly difficult to determine their optical prop- 
erties, while the crystals which grew on the slides were much larger, and 
in most cases their optical characters were readily observed. Although 
the concentrations of solutions were very different, the similarity of 
certain characteristics was very pronounced. 

The physical tests showed that a given amount of alum accelerated 
the set more than a like amount of Glauber’s salt, and in the slides 
monoclinic crystals of gypsum always appeared earlier when alum was 
used as the accelerator. 

When water without any salts was added to pottery plaster or 
to gypsum calcined from 450 to 650 deg. C., the time of set was much 
slower than when accelerators were used. The time of set also increased 
with increased temperature of calcination. When slides were prepared 
from plasters burned at temperatures corresponding to those given and 
hydrated with water, it was found that the time of the appearance of 
erystals was delayed if no accelerators were added, and if the temper- 
ature of calcination was increased. 
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When the accelerators were added after calcination the time of set 
was much shorter than when the accelerators were added before cal- 
cination. In the slides a much longer time was required for the crystals 
of monoclinic gypsum to make their appearance when the plasters were 
prepared by the latter method. 

The observed time of set of plasters depended to a certain extent 
upon the amount of water used in mixing, the larger the amount of 
solution added the slower was the rate of setting, and the slower the de- 
velopment of crystals. 

In every case in the same slide the crystals were always smaller in 
the denser parts of the slide, due to the larger number of points of 
crystallization in those parts, and also to the fact that the crystals did 
not have room for maximum development. When the crystals were 
closely grouped together their characteristic crystal forms were not in 
evidence. 

In all cases an increase in the temperature of calcination decreased 
the time of set, and it was found to be equally true that an increase in 
the temperature of calcination retarded the growth of crystals. 

The microscopic examination showed that in many cases it required 
a very long time for the plasters to become crystallized, and it was found. 
(see p. 9) that in some cases, at least, the strength of plasters was 
greatly increased by keeping them moist for some time before they were 
dried in air, in order that more crystals could be developed. 

- In slides prepared from set plasters that had a low tensile strength, 
many crystals of dehydrated gypsum were observed, which were similar 
in form to those found in raw gypsum, but were easily distinguished 
by their optical characteristics. 

The appearance of the micro-crystalline matter on the slides gave a 
clue as to one possible reason for the increased plasticity and high 
shrinkage of many of the slow setting plasters. Since plasticity is to a 
certain extent dependent upon fineness of grain, the presence of this fine 
material would cause an increase in plasticity, and, as at the same time 
the particles would draw closer together, a higher shrinkage. 


V. THroRY oF Serrine or Harp FINISH PLASTERS 


18. Mechanism of Setting of Plaster—As has been previously stated, 
the mechanism of the setting of plaster of Paris depends upon the CaSO, 
going into solution and crystallizing out as CaSO4.2H.O. This process 


goes forward until at least enough of the plaster has crystallized to form 
a bond. 
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It is a well known fact that the addition of set plaster will accelerate 
the setting of plaster of Paris. This is undoubtedly due to the addition 
of the solid phase to the supersaturated solution, since it is known that 
CaSO, tends to form supersaturated solutions (see p. 37). 

In so far as the writer has been able to determine there is no radical 
departure in the mechanism of the setting of the hard finish plasters 
from that of plaster of Paris. 

It is obvious that if the plaster were insoluble, or if the solubility 
were unlimited, there would be no setting reaction. There is then a bal- 
ance set up between solubility and precipitation from solution. If some 
‘substance is added to throw the balance toward the latter then the 
CaSO, will be thrown out of solution. 

It has been shown that Glauber’s salt to a limited extent and potash 
alum to a much greater extent decrease the solubility of gypsum. This 
is due to the common ion effect which results from the ionization of these 
salts, producing an excess of SO, ions, which causes the less soluble 
CaSQ, to be deposited as crystals. This same process would prevent the 
formation of supersaturated solutions of CaSQO,,* and since supersatur- 
ated solutions (with water alone) persist for some time in the pre- 
sence of the solid phase, and normal saturation is obtained only by ex- 
ercising the greatest precautions, it is readily seen how great is this 
effect. 

This theory is also upheld by the fact that saturated solutions of 
Glauber’s salt retard the formation of gypsum crystals, since concen- 
trated solutions of this salt cause an increase in the solubility of CaSO,. 

Also, the time of set of plasters and the time of the appearance of 
crystals in slides is increased by an excess of solution, which would make 
necessary a greater time for the solution to become sufficiently concen- 
trated to deposit crystals. 

Since the anhydrous plaster becomes less soluble, or at least the 
rate of solubility becomes less, with increased temperature of calcination 
(within the limits of this investigation), it takes a longer time for the 
CaSO, to reach the necessary concentration for the deposition of crystals. 

Where the rate of setting is slow and the plasters dry in air, the water 
evaporates before a sufficiently long interval of time has elapsed for the 
plaster to hydrate, hence there is not sufficient time for the plaster to 
reach its maximum strength. 

In no case except where K,SO, was used was there any indication 
of the formation of any crystals except those of gypsum; thus there are 
no indications that the setting is due to the formation of any double 
salts when Glauber’s salt and alum are used as accelerators. 


*J. C. G. Marignac and G. A. Hulett, eed by Mellor, J. W., “Comprehensive Treatise on Inor- 
ganic and Theoretical Choniatin: PEN Ol Ill, pe7 
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VI. ConcLUSsIONS 


19. Summary of Conclusions.—From this investigation it seems 
quite probable that plasters having high strength may be produced at a 
relatively low cost in commercial practice, and that their field of use 
may be extended. 

The greater strength of the plasters calcined at high temperatures, 
as compared with those calcined at low temperatures, is probably due to 
the more thorough crystallization of. the former and also the smaller 
amount of mixing water used, this producing plasters of greater hard- 
ness and density. 

Plasters of widely varying physical properties can be produced by 
treating gypsum with soluble sulphates before or after the final cal- 
cination; the former method causes the plasters to be more plastic but 
at the same time to have higher shrinkage. 

Potash alum, on the whole, seems to produce more satisfactory 
results than Glauber’s salt, but it is quite probable that other soluble 
salts may be as efficient as these. 

The physical properties of the plaster can also be controlled to a 
considerable degree by the temperature of calcination, assum ng that 
the concentration of the soluble sulphates remains fixed. The higher 
the temperature of calcination (within the limits of this investigation) 
the slower are the reactions that take place in setting. 


20. Further Desirable Investigations.—The author is of the opinion 
that further valuable data can be obtained by a more detailed study of 
these plasters, and suggests the following: 


(a) A study of the physical properties of plasters produced by 
adding the accelerators both before and after calcination, such as 
true specific gravity, hardness, compressive strength, porosity, and 
thermal conductivity. 


(b) A study of the effect of humidity conditions during set- 
ting and drying on the strength. This is particularly desirable, and 


should be made with pottery plasters as well as with the hard 
finish plasters. 


(c) A study of the effect of the addition of non-plastics to 
plasters which have high strength, but at the same time high 
shrinkage. 

(d) A study of set pottery plaster to see if it is feasible to pro- 


duce from it a hard, strong plaster by the addition of accelerators 
either before or after calcination. 
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(e) A study of the use of potassium sulphate as an accelerator 
and of the effect of the syngenite (K»SO,.CaSO,) thus formed, also 
of the use of other salts as accelerators and retarders. 


(f) A further study of the properties of plasters burned to 
higher temperatures than those covered in this investigation, and 
especially of the effects of accelerators on the time of set and physi- 
cal properties of estrich plaster. 
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